Abstract-To investigate the broadband over sea wave propagation channel for communication and navigation applications, the German Aerospace Center conducted a broadband channel sounder measurements where the transmit antenna was mounted on a ship and the receive antenna was located on the land. Using this setup, measurements were performed for C-band at 5.2 GHz with a broadband signal of 100 MHz bandwidth. Results are given in terms of receiver height dependent power delay profile, delay spread and mean delay.
I. INTRODUCTION
Maritime communications today is split into individual systems where each has a single objective in its focus. All these systems offer no high-data rate with low latency as it is known on land in cellular mobile radio systems. Alternative systems that offer high-data rates are satellite based system which are rather expensive and are limited to serve only a small number of users in the coverage zone with the promised data rates. Therefore, high-data rate systems could combine the demand of multiple systems, and would even allow new applications that demand much more spectrum, such as remote operating ships or offshore activities. In the 5 − 6 GHz band a spectrum is identified by the European Conference of Postal and Telecommunications Administrations (CEPT) in conjunction with European Telecommunications Standards Institute (ETSI) to offer maritime broadband radio links in the near future. Therefore, it is essential to understand the broadband radio link over sea.
To develop new algorithms for future communication and navigation systems on ship, it is essential to understand the wireless propagation characteristics of above sea channel. One possible approach to gain knowledge about the wireless propagation channel is to conduct channel measurement campaigns. In the recent years some channel measurement campaigns were performed for maritime scenarios [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] . However, these measurements were conducted with small bandwidth (maximum 20 MHz) and therefore, with low delay-resolution. Also the influence of the height of the transmit and/or receive antennas on the propagation channel has not been fully investigated. Furthermore, there is no terrestrial based maritime channel model suitable for the simulations of wideband communication and/or navigation applications.
To better understand the propagation paths over the sea with a higher delay-resolution, a broadband channel measurement for maritime scenario was performed by Institute of Communications and Navigation of the German Aerospace Center (DLR) on the Baltic sea in March 2014. The channel measurement was conducted with a MEDAV RUSK channel sounder operating at the carrier frequency 5.2 GHz with bandwidth of 100 MHz. On both transmitter and receiver, Rubidium clocks are used to provide a stable frequency standards for both sides. The drifts of the Rubidium clocks were monitored by using line-of-sight (LoS) calibration as well as by using Global Positioning System (GPS) receivers. In this paper, we present details of the channel measurement campaign and some preliminary results, like power delay profile (PDP), delay spread and mean delay.
The paper is structured as follows: in Section II, the setup of the channel measurement campaign is addressed. Thereafter, Section III presents the data processing methods and Section IV presents the preliminary results. Finally Section V concludes the paper.
II. CHANNEL MEASUREMENT CAMPAIGN
To gain insight into the propagation of electromagnetic waves over the sea, DLR performed measurements in March 2014 on the Baltic sea. The measurements were accomplished using a Medav RUSK-DLR channel sounder at operating center frequency 5.2 GHz (C-band).
The receiver was located on land in Warnemuende, Germany. Two sites on land were considered as the receiver location: the light house Warnemuende and the highest building along the coast as visualized in Fig. 1 . For the light house Warnemuende as visualized in Fig. 2 , the receive antenna was mounted on a tripod located on two different heights, around 14 m and 25 m above the ground. For the highest building along the coast, the receive antenna was mounted on a tripod located on two different heights, around 35 m and 50 m above the ground. The position of the receive antenna was measured by a GPS receiver.
The transmitter was located on the ship, Rosenort as visualized in Fig. 3 , from the German Federal Waterways and Shipping Administration (WSV). A 47 dBm spread spectrum signal -in particular a multitone signal -at center frequency 5.2 GHz with a bandwidth = 100 MHz was transmitted by an omnidirectional antenna mounted on the mast of the ship. The periodic signal was linearly polarized with a time duration of 12.8 µs per period. During the measurement, the ship was moving with a speed Fig. 4 visualizes an example of the ship traveling route when the receiver was located on the light house. The position of the transmit antenna was measured by a GPS receiver. In this scenario, the maximum distance between the transmitter and the receiver is around 12 km.
During the measurement, the receiver saved channel impulse response (CIR) snapshots ℎ ( , ), where = ⋅ , with = 1, 2 . . . , is the time index of the measured CIR snapshots and = ⋅ Δ , with = 0, . . . , − 1, is the delay of sample . The signal bandwidth determines the CIR delay 
The signal period of the transmitted signal determines the maximum time length of the channel impulse response snapshot. As a result, a maximum Detour propagation distance of 3.8 km larger than the distance between the transmitter and the receiver can be measured by the channel sounder. Two different types of measurement were conducted: the single-input singleoutput (SISO) and the single-input multiple-output (SIMO). In the former type of measurement, an omni-directional antenna was used in the receiver. In the latter type of measurement, an circular antenna array with 2 × 16 elements were used. Each antenna element was dual polarized and, therefore, totally 64 channels were measured. To achieve a good synchronization between the transmitter and the receiver, two Rubidium clocks were used on each side. In the beginning of every measurement day, a reference measurement, where the transmitter had a clear LoS to the receiver, was performed to calibrate both clocks. It has been reported that the
as the RINEX data. Therefore, the relative drift between both clocks can be obtained by post processing the time information in the RINEX data.
III. CHANNEL MEASUREMENT DATA PROCESS
To calculate the PDP, the CIR is normalized in power to the peak power [9] . Delays of the multipath components (MPCs) are normalized such that the delay of the first arrived MPC is zero. This normalized CIR is denoted as ℎ , ( , ) where indicates that the multipath delays are shifted such that the first path has delay 0 and indicates that the power of the CIR is normalized to the maximum peak power. The complex amplitude of ℎ , ( , ) for individual experiences small scale fading over time caused by multipath propagation [9] . To reduce the fast fading effect, CIRs are usually non-coherently averaged over a certain distance between 4 and 40 [10] , [11] , where denotes the wavelength. In this paper, measurements are divided into segments, each of length around 30 . The normalized PDP , ( , ) is calculated by non-coherent averaging all squared CIR snapshots measured within segment as
where is the number of snapshots in the -th segment and is the starting time of the -th segment. The averaged normalized PDP is calculated by averaging over all segments
The mean delay ( ) and the delay spread ( ) are calculated as 
where Γ( ) stands for a threshold function defined as
To capture dominant multipath and discard noise samples, a suitable choice of the threshold is necessary. In this work, we chose to be 30 dB below the maximum of for each snapshot ℎ , ( , ). Fig. 5 visualizes an example of the measured time variant CIR when the receiver was located on the light house and the ship was moving in the area close to the harbor. It can be seen that the MPCs are strong. This can be explained by the fact that many objects like the warehouse and cranes in the harbor result in strong MPCs. Furthermore, the amplitude fading of MPCs while the ship was moving can be clearly seen. 6 shows the obtained averaged PDP for two different receive antenna heights on the light house. Similarity between two PDP curves can be noticed that at around 610 ns there is a cluster of multipath. This is may caused by the surrounding buildings and cranes close to the receive antenna (i.e., the light house). Also other MPCs can be observed from both figure, but with very weak power compared to the power of the LoS path. Fig. 7 visualizes the obtained averaged PDP for two different receive antenna heights on the highest building. It can be noticed that when the receive antenna height increases, the MPCs become less and less. Particularly, when the receive antenna was located at around 50 m above the ground, there are few MPCs whose powers are quite low. Fig. 8 and Fig. 9 visualize the obtained PDF of the PDP for each individual delay bin . When the receive antenna height is low (e.g., 13 m), there is higher possibility that the MPCs have higher power level. When the receive antenna height is high (e.g., 50 m), most MPCs have lower power level. It can be also noticed that for all four receive antenna heights, the PDP decrease down to the norse floor with the Fig. 5 : Example of the measured CIR when the receiver was located on the light house. similar rate. Fig. 11 and Fig. 13 visualize the obtained PDF of the delay spread and the mean delay, respectively. The receiver was located on the light house at two different receiver heights, i.e., 13 m and 16 m above the ground. For visualization convenience, the estimated PDF shown in green color is calculated using a Gaussian kernel estimator with bandwidth 1.06 ⋅ ⋅ −1/5 with the length of the data samples and the standard deviation of the data samples [12] . It can be seen that there is a slight dependency between the time dispersive parameters and the height of the receive antenna. Larger mean values of both delay spread and mean delay for the lower receive antenna height can be noticed. On the other side, smaller standard deviation values of both delay spread and mean delay for the higher receive antenna height are observed.
IV. PRELIMINARY RESULTS OF THE MEASUREMENT
V. CONCLUSION AND FUTURE WORKS To investigate the broadband over sea wave propagation channel for communication and navigation applications, the German Aerospace Center conducted a broadband channel sounder measurements where the transmit antenna was mounted on a ship and the receive antenna was located on the land. Using this setup, measurements were performed for C-band at 5.2 GHz with a broadband signal of 100 MHz bandwidth. Preliminary results are presented in the paper in terms of power delay profile, delay spread and mean delay. It is found out that the antenna height on land influence the wireless propagation over the sea. Increasing the antenna height causes less multipath propagation, i.e., a smaller time dispersive parameters (i.e., delay spread and mean delay).
In the future, further process of the measurement data are going to performed in terms of the path loss model development, path parameter estimation using super-resolution algorithm like the space-alternating generalized expectationmaximization (SAGE) method, and dependency of the channel characteristics and the sea surface status.
